A survey of the floors of 3001 empty sea cargo containers in storage was undertaken to estimate the quarantine risk of importing exotic insect pests into Australia, with special reference to pests of timber. More than 7400 live and dead insects were collected from 1174 containers. No live infestations of timber-feeding insects were recorded, but feeding damage detected in one floor indicates a low risk of importing colonies of timber pests in containers. The survey collection of dead insects demonstrates that containers are regularly exposed to economically important quarantinable insects, including timber pests (bostrichids, curculionids, cerambycids, siricids and termites), agricultural pests (including Adoretus sinicus, Adoretus sp., Carpophilus obsoletus and Philaenus spumarius), and nuisance pests (vespids and Solenopsis sp.). Stored product pests were found in more than 10% of containers. The assessment of pest risk associated with shipping containers is discussed in terms of the quantity and quality of opportunities for exotic insects to establish via this pathway.
INTRODUCTION
One of Australia's great natural advantages with respect to quarantine and the introduction of pest species has been its relative isolation. The importance of preventing entry of potential pest species was recognised early in the formation of the Australian Quarantine and Inspection Service (AQIS). Although many deliberately and accidentally introduced species have become pests, many potential pest species have yet to establish in Australia, either by chance or design. Quarantine Proclamations (1998) of the Quarantine Act (1908) (the regulations that govern quarantine in Australia) cover a very broad range of insect and pathogen pests. The threat that these species pose to our biosecurity, if introduced, has rarely been estimated. Part of that assessment is to ascertain the likely pathways of introduction, and to determine just how many insects arrive by various means.
With the adoption of the General Agreement on Tariffs and Trade (GATT) in the Uruguay round of negotiations in 1993, a fundamental change occurred in the discipline of plant quarantine and its administration. The prime purpose of the GATT negotiations was the reduction of tariff barriers and, in recognition that technical barriers to trade may be erected where others had been removed, the GATT included an agreement on Sanitary and Phytosanitary matters (the SPS Agreement).
The drawing up of import restrictions in the context of liberalisation of trade has led to quarantine considerations becoming of major significance. Essentially the SPS agreement recognised that technically formulated restrictions on the movement of commodities were justified, but that the systems should operate within a set of standards. A country that formulated import restrictions according to these standards would not be challenged under the GATT (now the World Trade Organisation (WTO)).
The GATT recognised that it did not have the technical expertise to set plant quarantine standards and indicated that the International Plant Protection Convention (IPPC) should be the body to set international standards in relation to phytosanitary matters. Since 1992 the IPPC Secretariat located within the Plant Protection Service, Food and Agriculture Organization (FAO) Rome, has administered a standard setting procedure based on a system of Technical Working Groups, consultation with regional plant protection organisations, government consultation and final international adoption through the FAO Conference system.
The IPPC is based on the principles of scientifically justifiable and transparent quarantine measures. The convention also incorporates the principle of necessity. The present paper shows that the wooden components of sea cargo containers are constantly exposed to timber-infesting insects from many sources, not the least being from dunnage (lowgrade timber used for packing and stabilising goods). There is a necessity to preclude the container wooden components from infestation because they can be in service for many years. The requirement for all wooden components of cargo Australian Journal of Entomology (2001) 40, 180-192 Pest risk assessment of insects in sea cargo containers Mark A Stanaway, 1 * Myron P Zalucki, 1 Peter S Gillespie, 2 Claudina M Rodriguez 1 and Glynn V Maynard 3 containers entering Australia to be treated has not been previously reviewed.
Approximately 25 years ago, when sea cargo containers were mostly composed of wooden material, AQIS introduced a requirement that wooden components of cargo containers had to be either registered as permanently treated to AQIS standards or inspected every time that container was landed in Australia. Inspection required the container to be stopped, fully unloaded and approved free of pests prior to release regardless of whether the cargo was of quarantine concern or not. By 1995 more than 5 million containers were registered as treated to AQIS's standards.
In more recent years cargo containers have been built mainly of steel with plywood or timber floors (dry boxes). This reduction in risk has been offset by a significant increase in the amount of container traffic, which has made it almost impossible to detect unregistered containers entering Australia. In 1996 approximately 770 000 shipping containers entered Australian ports, 88% of which were designated as dry boxes. Containers that had approved floor treatments registered with AQIS were considered to be low risk and given immediate FCL (full container lot) release. Containers without floor treatments registered with AQIS were considered to be untreated. Although most of these containers had some floor treatment applied, the quality of the treatment was not guaranteed by the container owners, which placed them in a high-risk category. Previously there has been no assessment of what sort of quarantine risk is in fact posed by dry boxes entering Australia. The outcome of this review is that AQIS requires treatment of wooden components of sea cargo containers (to the standard set by AQIS), but the treated containers are no longer required to be registered. Verifications will be carried out by random inspection of containers and sampling with analysis of the wooden components.
A report into quarantine in Australia was carried out by Nairn et al. (1996) . The outcomes of the container review coincide with the recommendations of that report. The report emphasised issues such as the continuum of quarantine (preborder, border and post-border) methods. The treatment of wooden components keeps the risk of infestation offshore, and minimises the risk of the container floors carrying timber-infesting insects into Australia as well as facilitating speedy movement of cargo because the containers themselves are not stopped to be inspected.
Here, we assess the probability of importing harmful exotic insects in the floors of containers by undertaking a survey of imported dry boxes. Incidental to the original purpose of the review to investigate infestations or potential infestations of timber insects in the wooden components of containers, large numbers of non-timber-infesting insects were found both live and dead. These were also identified and are included in the present report.
METHODS
After destuffing, containers are stored until they are required. The turnaround time for a container can vary from a few days to a few months. Our survey was carried out at nine container parks around Brisbane from 28 February 1996 to 20 August 1996. We inspected 2500 unregistered and 501 registered containers of unknown origin. Both 6-m and 12-m containers were inspected. The time spent searching the floors of each 6-m container ranged from approximately 3 min for a washed plywood floor, to 30 min for containers with residual material and large numbers of insects. The time taken to inspect 12-m containers was approximately double that for a 6-m container.
We used a torch to search the wooden components of containers for timber insects, bore holes, timber damage and frass. All holes in the timber were inspected thoroughly and excavated for signs of current insect activity. All insects collected (including non-timber insects) were identified to order or family, and preserved in 80% ethanol before being sent for further identification to the Biological and Chemical Research Institute (BCRI) in New South Wales (NSW) at Rydalmere. The full collection of insects that arrived intact was mounted and is now housed at the Orange Agricultural Institute.
Containers may be stored for extended periods and many insects were in poor condition due to predation and decay. Specimens that were unlikely to be identified to a useful level were not collected unless they were from groups that posed a high risk to timber, such as the Isoptera, Siricidae, Bostrichidae and Cerambycidae. Although we aimed to collect all insects from every container, the diminishing returns of insects collected for the amount of time spent searching made this untenable. A proportion of small insects (< 2 mm) are likely to have been missed, as well as some insects that are likely to be found in crevices in wood. On a few occasions, containers with large amounts of organic residue carried hundreds of dead insects. When it was not feasible to collect all individuals, representatives of each species encountered were taken and a count or an estimate was made of total numbers. If large numbers of live insects were encountered, the container was swept clean and all living insects were removed and preserved.
RESULTS

Description of the collection
A total of 7861 arthropods was recorded from the interior of containers sampled. The majority (7426) were adult or immature insects, or remnants of insects (wings, pupal cases, etc.). Insects were found in 1174 (39%) of the 3001 containers inspected. Live insects accounted for 19% (1339) of the total, and were found in 176 containers (6%). Approximately half of the live insects were immatures. The collection encompasses 18 insect orders and at least 114 families. Most of the taxa identified to species or genus were detected in only one or two containers (Fig. 1) .
Other groups collected were spiders (72), isopods (39), mites (25), millipedes (16), centipedes (3), scorpions (3) and ticks (1). Three exotic isopods from the genus Oniscus (Oniscidae) were found in one container. The great majority of the 271 specimens that were not identified to class are likely to be of insect origin.
Due to the poor quality of some of the material, approximately 10% of the insects (773) broke up in transit from Brisbane to Rydalmere and were neither mounted nor identified. An inventory of the insects collected is included in Appendix I, and there is still an opportunity to identify many of the specimens further.
Timber pests
No live exotic timber-feeding insects, or signs of active timber infestations, were found in the wooden floors of any containers in our survey. Assuming that the containers surveyed constitute a random sample, the probability of encountering no live infestations for a given proportion of infested containers (P) will follow a binomial distribution:
where: x n is the number of containers inspected, x is the number of containers found containing an infestation and p is the actual proportion of all containers infested.
For our purposes, we need to calculate the probability (P) of finding no infested containers (x = 0) in 2500 (n). The equation reduces to
Considering only unregistered containers, there is a 95% probability that we would encounter an infestation if the proportion of infested containers was greater than 1 in 835. At the current rate of 230 000 unregistered containers imported annually, we estimate that less than 300 of these would contain live insect infestations in their timber components.
Although no live infestations were detected, feeding damage to a plywood floor was found in one unregistered container that had been fumigated with methyl bromide in Kuala Lumpur, Malaysia, 1 month earlier. Parts of the bostrichid beetle, Xylothrips religiosus (Boisduval), were found in the holes that extended through the first ply of wood but stopped at the first line of glue and were shallow enough to leave the beetles exposed to physical damage. The floor treatment listed on the approval plate of this container (Celcure A) was unsuitable for the treatment of plywood floors. Chemical analysis of the floor material, carried out by the Queensland Department of Primary Industries Forestry Branch, indicated that the floor had been treated to very low levels of copper (0.006%), chromium (0.001%) and arsenic (0.003%). These levels are well below the standard required by AQIS.
Insects that have the potential to infest timber were found in 104 (3.5%) of the containers inspected and 15% of these containers had more than one species of timber pest (Table 1 ). Only one of these was found alive, an unidentified weevil from the subfamily Scolytinae, which was well represented in the survey. Although no infestations were found in the floors of containers, 45 dead insects that are timber pests of quarantine concern were discovered on the floors of shipping containers. The bostrichids Heterobostrychus aequalis (Waterhouse) and Sinoxylon anale Lesne were the most commonly encountered species that were fully identified. The large number of termites (87) found in 28 containers may include some exotic species.
Quarantinable insects and stored-product pests
Excluding timber pests, 79 insects from exotic taxa were found in 50 containers (Table 2) . Only one live exotic insect was found, the lathridiid beetle Aridius nodifer (Westwood), a fungus feeder not considered to be of economic importance.
A number of exotic pest species that are aggressive colonisers were recovered from containers. The most significant agricultural pests collected were Adoretus sinicus Burmeister, Adoretus sp., Carpophilus obsoletus Erichson, Exitianus indicus (Distant) and Philaenus spumarius Linnaeus. Nuisance pests included several species of Vespidae and an unidentified species of Solenopsis.
Pests of stored products were found in at least 333 containers and live insects were found in 20% of these containers. The number is likely to be higher considering that many of the immature insects could not be identified to species. At least 49 of these containers (15%) were infested with more than one species of stored product pest. The most frequently found insects in the survey were the cosmopolitan stored product pests, Tribolium castaneum Herbst, Dermestes maculatus De Geer, Lasioderma serricorne (Fabricius), Necrobia rufipes (De Geer) and Oryzaephilus mercator Fauvel. These were often associated with residual foodstuffs, mostly cereals, that had not been cleaned from containers. Total number of (᭺) distinct insect taxa identified to genus and species, and (L) total number of all exotic insect groupings found in each container frequency class. Tribolium castaneum, which was found in 248 containers, is not included in the figure.
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DISCUSSION
Insects found in the present survey include species that pose a threat to Australian agriculture, forestry and amenity. The number of containers searched represents the equivalent of less than 2 days of container imports for Australia. Quarantine pest risk assessment deals with the likelihood of rare events occurring and, despite surveying 3001 containers, we are likely to have encountered only a small fraction of the range of insect species that are associated with containers. From biodiversity studies we would expect that the frequency of insect species found would resemble a log-normal distribution. That is, that most species would be found in a very low proportion of containers while a relatively few species would be found in a high proportion of containers. If the present survey had yielded a large proportion of the total insect fauna associated with containers, we would not expect the overwhelming predominance of insect species found only in single containers. Low interception rates prevent us from quantitatively assessing the risk posed by individual taxa, a problem common to most quarantine pest risk assessments (Nunn 1997) . The data taken together, however, indicate the scale at which risk assessment via this pathway needs to be investigated. Analysis of timber floors as a pathway for the introduction of exotics can be examined directly by the presence of active infestations, and indirectly by the determination of container contents susceptibility and the exposure rate of floors to species of quarantine concern. The proportion of containers imported with active infestations of exotic timber pest in their floors is extremely low. Considering the high volume of container traffic and the frequency with which containers come into contact with potentially serious timber pests, the risk associated with untreated wooden components is not negligible. Although many species of wood-boring insects are unable to be detected until they emerge (Wylie & Yule 1977) , the lack of apparent damage to the floors of containers suggests that the timber pests collected are more likely to be associated with the cargo carried in containers, particularly timber dunnage, rather than the floors themselves. Introductions of exotic timber pests are known in dunnage (Ciesla 1993) , so it is essential that dunnage is removed from containers and destroyed regardless of the treatment applied.
The only species found attacking container floors, Xylothrips religiosus (Boisduval), is recorded from northern Australia, Melanesia, Indonesia and the tropical Pacific (Fisher 1950 ) and the Malayan Peninsula, and is not considered a serious quarantine concern. It has been intercepted by NSW quarantine twice in shipments of hardwood from New Guinea and Melanesia in the 1950s (Chadwick & Nitikin 1968) , and has been recorded from shipments entering through the Port of Brisbane from 1969 to 1976 (Wylie & Yule 1977) and from 1977 to 1985 (Wylie & Peters 1987) . Detection of this beetle indicates that floors of containers are susceptible to attack by insects if they are improperly treated.
Most of the timber insects identified to species level are known from Australian records, although several have established only in the last 50 years. Heterobostrychus aequalis and S. anale have been found in localised colonies in Australia and are of quarantine concern, although they are not quarantinable because they are not subject to official control (AQIS 1992; Brenton Peters, QDPI Forestry, pers. comm. 1997) . Several of the exotic timber species collected are known from quarantine collections. For instance, the siricids Urocerus spp. have been intercepted by quarantine in NSW (Chadwick & Nitikin 1969 ) and the Port of Brisbane (Wylie & Peters 1987) . A number of potential timber pests were unable to be identified to species and it is likely that some of these are exotic. Of special note are the Bostrichidae, Cerambycidae, Scolytinae and a large number of Isoptera.
Many of the exotic species found are considered to be innocuous, although some serious quarantinable pests were collected that have recently established in Pacific countries. Two specimens of Chinese rose beetles, A. sinicus, were collected, as well as another beetle identified to the same genus. An unsuccessful biological control program was carried out against A. sinicus in Hawaii, while other Adoretus spp. have recently been introduced to various Pacific islands (Beardsley 1993; Tsutsumi et al. 1993) . Philaenus spumarius Linnaeus is another pest coloniser that was introduced into New Zealand (Hamilton & Morales 1992) . Vespidae are mainly nuisance pests, although Vespula vulgaris (Linnaeus), which has established recently in Australia, reduces honey production through hive robbing and competition (Clapperton et al. 1989) . Many species in this family are aggressive colonisers and their prevalence in shipping containers suggests this as a possible pathway for their arrival in Australia.
Organic residues were found in many of the containers which may have attracted and supported insect colonies, especially stored product pests. Containers that harbour infestations of local insects may threaten Australia's international quarantine relationships when they are exported. For example, the cerambycid Phoracantha semipunctata (Fabricius) has breached quarantine in countries with established eucalypt plantations and become a significant pest (Ciesla 1993) . Maintaining container cleanliness will reduce the likelihood of exporting quarantine threats, as well as reduce the potential for colonies of exotic species or strains to increase in size and establish. There is a need to shift the onus for pest risk management onto commercial operators. Interception of pests by quarantine inspectors on high volume commodities cannot be expected to act as a significant barrier to pest establishment, where the proportion of exotics detected can only ever be a small fraction of those imported. Despite low interception rates, containers that pose a high quarantine risk must be identified for inspection to ensure that treatments comply with Australian quarantine standards.
The quantity of other exotic insects found in containers, including some major agricultural pests and aggressive colonisers, establishes that this is a pest risk pathway that warrants attention. To further quantify the risk, we need to experimentally determine the proportion of quarantinable insects that arrive alive, and whether deaths en route can be attributed to transport conditions, quarantine treatments, storage conditions or predation. Quantifying establishment potential of newly arrived exotics after they disperse in search of resources is problematic and carries the most uncertainty in virtually all quarantine pest risk assessments. Determination of entry rates can be achieved with relatively low degrees of uncertainty, and in some cases this may be enough to give us enough confidence in our risk management strategies to forgo anything more than a qualitative assessment of establishment potential. It is essential that national plant protection organisations collect, collate and disseminate information from intensive systematic inspections if we are to achieve quantitative analyses of pest risk that satisfy international trade requirements. 
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